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ABSTRACT 

Through the combination of high-order Adaptive Optics and coronagraphy, we report the discovery 
of a faint stellar companion to the A3V star £ Virginis. This companion is ^7 magnitudes fainter than 
its host star in the -ff-band, and infrared imaging spanning 4.75 years over five epochs indicates this 
companion has common proper motion with its host star. Using evolutionary models, we estimate 
its mass to be 0.168j?oJJ M Q , giving a mass ratio for this system q = 0.082+QQg. Assuming the two 
objects are coeval, this mass suggests a M4V-M7V spectral type for the companion, which is confirmed 
through integral field spectroscopic measurements. We see clear evidence for orbital motion from this 
companion and are able to constrain the semi-major axis to be > 24.9 AU, the period > 124 yrs, and 
eccentricity > 0.16. Multiplicity studies of higher mass stars are relatively rare, and binary companions 
such as this one at the extreme low end of the mass ratio distribution are useful additions to surveys 
incomplete at such a low mass ratio. Moreover, the frequency of binary companions can help to 
discriminate between binary formation scenarios that predict an abundance of low-mass companions 
forming from the early fragmentation of a massive circumstellar disk. A system such as this may 
provide insight into the anomalous X-ray emission from A stars, hypothesized to be from unseen 
late-type stellar companions. Indeed, we calculate that the presence of this M-dwarf companion easily 
accounts for the X-ray emission from this star detected by ROSAT. 

Subject headings: instrumentation: adaptive optics — methods: data analysis — stars: individual 
(HIP66249, HR5107) techniques: image processing — 



1. INTRODUCTION 

Stars with spectral type A have long shown 
evidence for surpising circu ms tellar disk struc- 
tures (ISmith fc TerrileT Il98l IKalas et alJ 120051: 



iGolimowski et all l2006t lOppenheimer et all 12001 and 
stars with spectral type ~A6 and earlier have become 
increasingly targeted fo r low-mass comp a nions through 
high-contrast imaging (Hinz et al. 2006; Hinklev et alJ 
[2007t iHehTze et al J 12008: lOppenheimer fc Hinklevl 12009ft 
result ing in detections of several low-mas s compan- 
ions (IKalas et all 120081 : IMarois et all 120081 ). Indeed, 
IJohnson et al.l 1)20071 ) suggest that the frequency of 
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planet occurrence around A-type stars is twice that of 
solar-mass stars. In addition to planetary-mass com- 
panions, the frequency and mass ratio distributions of 
stellar-mass companions to nearby A stars can help con- 
strain binary formation scenarios — such as models based 
on the more massive primar y star dynamically capturin g 
a lower mass companion (Mc Donald fc Clarkd 11993ft . 
or a picture relying on initial fragmentation w i thin a 
protostellar cloud, e.g. iBurkert fc Bodenheimerl (|1996| ). 
Although some multiplicity studi es of A and B stars 
have been conducted — e.g. th e IShatskv fc TokovininI 
and iKouwenhoven et ail ()2005|) surveys of Sco 



OB2 — a comprehensive statistical picture of multiplicity 
around these massive stars, based on both cluster and 
field objects, has yet to emerge. Observations of massive, 
early-type stars may serve as important boundary-type 
systems, to which models of formation must conform. 
Specifically, an abundance of brown dwarf/M-dwarf 
companions to A stars would lend support to recent 
models describing the formation of these objects through 
the fr agmentation of an in iti ally massive circumstellar 
disk (jKratter et all 120091: iStamatellos fc Whitworthl 
12009ft . 

Moreover, the frequency of stellar companions to A- 
stars may be related to their anomolous source of X- 
rays. Since A-stars have shallow or non-existent con- 
vective regions in their envelopes, they lack a significant 
dynamo effect, and can be expected to display negligible 
X-ray emission. Meanwhile, M dwarfs a re well known 
sources of X-rays (|Fleming et al.l 11993ft . iSchmitt et all 
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TABLE 1 

Fundamental Parameters for C Virginis A 



Parameter 



Value 



Identifiers 

Spectral Type^ 
V magnitude 15 
Parallax (mas]^ 

RA, Dec Proper Motion (mas yr — 1 ^ 
Radial Velocity (km s -1 ^ 



HIP66249, HR5107, 
HD118098 
A3V 
3.40 
44.55±0.90 
-278.89±0.83, 
48.56±0.71 
-13.2±0.3 



IGrav et al.l p003h 
: Hoffleit & Jaschck 
IPerrvman e t al. (1997) 



"I Perrvm an et al. ( 1997]) 

c Abt & Biggs (1972); Lagrange et al. (2009) 



(|1985ft suggested that unseen late-type stellar compan- 
ions to A stars may be the sou rce of the X-rays. In- 
deed, ISchrodcr fc Schmittl (|2007l ) find that the majority 
of nearby X-ray emitting A-stars have some evidence of 
possessing low-mass compani ons, likely responsible for 
the X-ray emission. Moreover. I Zimmerman et al.l (|2010l ) 
have recently discovered a mid-M dwarf companion to 
the nearby A-star Alcor, a ROSAT source. 

1.1. Previous Studies of £ Virginis 

The star C ("Zeta") Virginis (HIP66249, A3V, 
^=3.40— See Table [TJ hereafter C Vir), is a tar- 
get in our on-going high-contrast imaging program 



(IQppenheimer et al.ll2004tlSivaramakrishnan et al.l[2007b 
Iffinklev et al.l 12008ft . This nearby (22.45 pc) star has 
been previou sly used as a calib rator star for interfero- 
metric work (|Akeson et alj |2~009). and has also been fol- 
lowed with the HARPS surv ey for radial velocity vari- 
ations (jLagrange et al.l [2009D . No s uch variations were 
found . The Bright Star Catalogue (jHoffieit fc Jaschekl 
[l982ft lists C Vir as a member of the Hyades moving 
group. There is some spread in the derived age of this 
grou p. Although some auth ors claim age s as high as 625 
Myr (IPerrvman et al.|[l9 98') or 650 Myr (jLebreton et al.l 
12001ft . iRieke et all ^OOsF cites the age of this star at 505 
Myr. Rather than trying to establish the membership of 
this star in the Hyades moving group, and then adopt 
the moving grou p age for the star, we simply adopt the 
505 Myr age of iRieke et al.l (|2005t ) for the analysis in 
this paper. C Vir ha s indeed been observed by ROSAT 
(jHuensch et al.lfl998ft . and is listed as a single star, with 
an X-ray brightness (L x — 1.07 x 10 28 erg s _1 ). Despite 
the fact that there is a 20" offset between X-ray and 
optical positions, the ROSAT catalog lists a 14" uncer- 
tainty on the position of £ Vir. Such a 1.5cr positional 
offset easily leaves open the possibility that the observed 
X-ray source is in fact located at £ Vir. The C Vir sys- 
te m has a radia l veloc ity o f -13.2 km s -1 as men tioned 
in lAbt fc Biggsl (|l972l ) and Kilkenny et al.l ([l998f ) found 
this radial velocity to be constant at the 1-2 km/s level, 
i.e. lacking a companion, using it as one of their standard 
calibrator stars. 

Speckle observations at the Canada-Franc e-Hawaii 
Telescope in the optical ([McAlister et al.|[l993ft did not 
find a binary companion for this star, however this is not 
surprising given the comparatively low dynamic range 



(AM~3 mags) of this technique. iPatience et al.l (|2001l ) 
specifically carried out a survey of bright early- type stars 
both in the field and in clusters to search for companions 
using AO, but no mention of this star is listed. 

2. OBSERVATIONS 

We have imaged the C Vir system using two observing 
programs, each with different instruments: A corona- 
graph working together with an infrared camera, and a 
newly commisioned coronagraph which employs an IFS 
as the primary science camera. We describe each observ- 
ing program below. 

2.1. "The Lyot Project", a Coronagraphic Imager at 

AEOS 

The first instr u ment, "The Lyot Project" 
(IQppenheimer et al.l 120041 : ISivaramakrishnan et al.l 
12007ft wa s a d i ffract io n-limited classical Lyot coro- 
nagraph ([Lvotl I1939L ISivaramakrishnan et al.l 12001ft 
working with the Adaptive Optics (hereafter "AO" ) sys- 
tem on the 3.63 m AEOS t elescope on Haleakala, Hawaii 
(jRoberts fc Nevmanl 12002ft . Our im ages were gathere d 
using "Kermit," an infrared camera (|Perrin "eTaHl2l)0l . 
with a 13.5 mas pixel -1 plate scale, and differential 
polarimet ry mode for detecti on of diffuse circumstellar 
material ([Hinkley et al. 2009). Images of £ Vir in J, H, 
and K-bands were obtained using this instrument over 
three epochs spanning three years as listed in Table [2j 
Our coronagraph used a focal plane mask with a 455 mas 
diameter (4.9A/D at ff-band), as well as its own internal 
tip/tilt system. Images in the J, H, and if-bands were 
obtained during the second and third epochs, while only 
.ff-band was obtained on the first. To calibrate our 
photometry, we also obtained 1 s unocculted images in 
addition to the coronagraphically occulted images. In 
this setup, the target is more than 1" away from our 
occulting mask. The raw data images, both occulted 
and unocculted, required a mix of both traditional data 
reduction steps (e.g. dark current subtraction, bad-pixel 
masking, flat-field correction) as well as some techniques 
customized for the infrared camera. More de t ails o n the 
data reduction are given in iSoummer et~aTl (|2006) and 
IDigbv et al.l (12006ft . 

2.2. "Project 1640," a coronagraphic Integral Field 
Spectrograph at Palomar 

The second instrument used to image the C Vir sys- 
tem is a new instrument (jHinklev et al.l 120081 ) recently 
commissioned on the 200-in Hale Telescope at Palomar 
Observatory. This instrument, termed "Project 1640," 
is a coronagraph integrated with an integral field spec- 
trograph (IFS) spanning the J and ff-bands (1.05/im - 
1.75/im). The IFS+Coro nagraph package is m ounted on 
the Palomar AO system (|Dekanv et a.l.lll99 8j) . which in 



turn is mounted at the Cassegrain focus of the Hale Tele- 
scope. The corona graph is an Apod ized-Pupil Lyot coro- 
nagraph (APLC) (|S oummer 2005), an improvement of 
the c lassical Lyot coronagraph ([Sivaramakrishnan et al.l 
12001ft . This coronagraph uses a 370 mas diameter 
(5.37A/Z? at -ff-band) focal plane mask. The IFS, or 
hyper-spectral imager, is a microlens-based spectrograph 
which can simultaneously obtain 4 x 10 4 spectra across 
our 4" x 4" field of view. Each microlens subtends 19.2 
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TABLE 2 

Observations and Astrometric Distance Between Primary and companion for the £ Vir System 



Epoch 


MJD 


Wavelength 


Observing Method 


Separation (mas) 


PA (degrees East of North) 


1) 


53168.2839 


_ff-band 


Lyot Coronagraph 


1846 ± 9 


144.7 ± 0.1 


2) 


53507.3742 


J, H, if-bands 


Lyot Coronagraph 


1830 ± 3 


146 ± 1.0 


3) 


54257.5378 


J, H, if-bands 


Lyot Coronagraph 


1814 ± 16 


147.4 ± 0.1 


1) 


54657.1548 


1.1 - 1.8 urn (IFS) 


APLC + IFS 


1790 ± 12 


149.8 ± 0.1 


5) 


54904.4445 


1.1 - 1.8 fim (IFS) 


APLC + IFS 


1779 ± 12 


151.0 ± 0.2 




mas on the sky and a dispersing prism provides a spectral 
resolution (A/AA)~32. 

The IFS focal plane consists of 4 x 10 4 spectra that are 
formed by dispersing the pupil images created by each 
microlens. To build a data cube, the data pipeline uses a 
library of images made in the laboratory with a tunable 
laser, which spans the operating wavelength band of the 
instrument. Each image contains the response of the 
IFS to laser emission at a specific wavelength — a matrix 
of point spread functions. Each laser reference image 
is effectively a key showing what regions of the 4 x 10 4 
spectra landing on the detector correspond to a given 
central wavelength. Each laser reference image is cross 
correlated with the focal plane spectra to extract each 
wavelength channel. 

The pixel scales for each instrument were calculated 
at by imaging four binary stars (HIP107354, HIP171, 
HIP88745, and WDS11182+3132) with high quality or- 
bits with small astrometric residuals (Hartkop f et al.l 
120011 ) . The pixel scale is calculated by performing a least 
squares fit between these predicted separations and the 
pixel separation in our data. 

3. THE COMPANION 

Here we report the discovery of a faint stellar compan- 
ion to £ Vir, hereafter £ Vir B. The discovery image is 
shown in Figure [T] To our knowledge, the existence of 
this companion has not been reported previously. 

3.1. Common Proper Motion Analysis 

The astrometric measurements for the pri- 
mary/companion separation are presented in Table O 
For the first and third epochs, the astrometric positions 
of the two stars were obtained from images in which the 
primary star was occulted. In these centroid 
to each PSF was calculated as part of a best fit radial 
profile measurement. With coronagraphic imaging, 
the exact position of the occulted star is difficult to 
determine. The uncertainty can be estimated using 
binary stars , in which one of the binary members 
is occulted (jDigbv et al.1 120061 ). For all but the first 
epoch we used a physical mask with a super imposed 
grid (Sivaramakrishna n fc Oppenheimerl 120061 ). which 
produces fiducial reference spots indicating the position 
of the host star to within ^10 mas. The second, fourth 
and fifth epochs contained fully unocculted data with 
sufficiently high signal-to-noise to measure the position 
of both the primary and the companion. £ Vir A, listed 
as a high-prope r motion star, has a p roper motion of 
283 mas yr _1 (|Perrvman et al.l 119971) . If these two 
objects were not associated with each other, we could 
expect a ^1.35" change in separation over the 4.75 year 
course of observations. Instead, we report a ^200 mas 
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Fig. 1. — A 60 s iT-band (1.65 /im) image of the the star £ 
Vir taken on 2004 June 12 (UT) at the AEOS telescope. In this 
discovery image, the adaptive optics system is on, and the star 
has been coronagraphically occulted behind our 455 mas occulting 
mask. A faint stellar companion, f Vir B, 7 magnitudes fainter 
than the host star and sharing common proper motion with the 
host star, is apparent at the bottom left of the image. 

southwesterly change in the position of the companion 
(see Figure [5]) relative to the host star. Since the relative 
separation between the host star and the companion is 
far less than the ^1.35" change in separation if the two 
were not mutually bound, we are confident that these 
two objects share common proper motion. Moreover, 
this westerly change reflects the orbital motion of £ Vir 
B over the 4.75 year observing baseline. 

3.2. Photometry 

Aperture photometry of the companion was performed 
on images from the Lyot Project in which £ Vir was oc- 
culted behind our coronagraphic mask. The flux was 
summed in apertures of radii of 270 mas, 340 mas, and 
300 mas, for the J, H, and if-band images respectively, 
followed by sky subtraction. Zeropoints for the J, H 
and K data were derived by performing large (760 mas) 
aperture photometry on unocculted, unsaturated images 
of £ Vir A taken immediately prior to the occulted ob- 
servations. We calculate J, H, and if -band photomet- 
ric zero points of 20.990 ± 0.017, 20.639 ± 0.078, and 
19. 932±0.069, respectivel y. Assuming a distance of 22.45 
pc (|Perrvman et al.lli997D . Table |3] shows our calculated 
absolute J, H, and iv"-band magnitudes of 8.99 ± .06, 
8.41 ± .14, and 8.14 ± .17, respectively for C Vir B. 



4 



Hinkley et al. 



o 



CO 





r 
/ 


i 

\ 


M 










- E -S 












.. UJD 53168.2839 










-1500 


















[ T * ^ " 

MJD 54904.4445 *' 
i.i.i.i, 


-1550 
-1600 




-1100 

1 


-1050 

1 . 


1000 -950 -900 -B50 
RA offset (mas) 

i,i,i,i 





5 4 3 2 1 
Right Ascension offset (arcsec) 



Fig. 2. — The offset positions of f Vir B relative to the host star. 
The position of the host star is marked with the * symbol. The 
inset portion of the plot shows the positions of the stellar com- 
panion over the 4.75 years of observations presented in this paper. 
The error bars incorporate the uncertainties in the radial separa- 
tion and the position angle. The vector labelled u fi" at the upper 
right shows the magnitude and direction of the proper motion of 
the £ Vir system over the 4.75 year duration of these observations 
(-1325 mas/yr, 230.66 mas/yr). 

3.3. Spectroscopy 

Integrating an IFS into more conventional high- 
contrast imaging techniques can provide significantly 
more infor mation on objec t s in c l ose vicinity t o their 
host star (iSparks fc Ford! I2002t iBerton et all 120061: 
iMcElwain et al.l I2007T ) . Normally, when spectra are un- 
available, parameters such as mass, spectral type, and 
age must be derived by combining broadband photomery 
with model predictions. Such models can be problem- 
atic a t very young ages (|Stassun et al.ll2006t [Allers et al.1 
f2007h . 

Observations with our IFS at Palomar Observatory 
(jHinklev et al.l [20081) allowed us to obtain the spectrum 
of £ Vir B shown in Figure [3] Each point in the spec- 
trum of £ Vir B was calculated by performing aperture 
photometry on each image in a data cube. Examples of 
three such images taken from a data cube are shown in 
Figure 0J The photometry was obtained using a circu- 
lar aperture such that the second Airy ring of the Point 
Spread Function was enclosed at each wavelength in the 
data cube. A median background sky value was calcu- 
lated in a 40 mas wide annulus, just outside the photo- 
metric aperture, and subtracted from the target counts. 
Each flux value for £ Vir B shown in Figure [3] is a median 
of five data points taken from five data cubes of ( Vir B, 
and the error bars show the la spread of these five val- 
ues. The spectrum was calibrated using a reference star 
(HIP 56809, GOV, V=6.44) by comparing the measured 
counts of the reference star with a template GOV star 
(HD 109358 GOV, V=4.26) taken from the IRTF sp ec- 
tral Library (|Cushing et al.ll2005t iRavner et aLll2009j ) to 
derive a spectrograph response function. 



TABLE 3 
Photometry for C Virginis B 



Band 


apparent magnitude 


absolute magnitude 


J 


10.75 ±0.06 


8.99 ±0.06 


H 


10.17 ±0.14 


8.41 ±0.14 


K 


9.90 ±0.17 


8.14 ±0.17 



The spectrum shown in Figure [3J has had this response 
correction applied to it. We have excluded the data 
points in the vicinity of the water absorption band be- 
tween ~1.35 /mi and ~1.5/xm, since the degree of water 
absorption present in the calibrator star was sufficiently 
different from that present in the C Vir observations. 
Also shown in the figure are template spectra for an M2V 
through M7V star taken from the IRTF spectral Library. 
The extracted spectrum for ( Vir B is most consistent 
with the M4V - M7V spectral types. 
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wavelength dum) 

Fig. 3. — The J and i/-band spectru m of C Vir B obtaine d with 
our IFS and coronagraph at Palomar (Hinkley et al. 2008). Also 
shown are template spectra fo r M2V through M7V stars taken 
from the IRTF spectral Library (Cushine: et al. 2005; Ravncr et al. 
2009). The water band data points between ~1.35 and ~1.5/tm 
have been excluded due to the variation of this band between ob- 
servations of f Vir and our calibrator star. 

4. ANALYSIS 

4.1. Mass and Age of C, Vir A 

Although IHoffieit fc Jaschekl (|1982D list C Vir as a 
possible member of the Hyades moving group, several 
lines of evidence suggest simply assigning the system the 
age of the Hyades cluster is not rational. Indeed, us- 
ing criteria based on mass distribution and metallicity, 
iFamaev et al.l (|2007f) question whether most members of 
the Hyades Moving Group are actually evaporated mem- 
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Fig. 4. — Three images of the £ Vir system taken from a data cube from the Project 1640 IFS. The three images show the system at 
1.22, 1.55, and 1.70 fim. The host star, £ Vir A has been coronagraphically occulted at the center of each image, and the companion, £ 
Vir B is evident at the lower left. 



bers of the Hyades Open Cluster. The mean metallic- 
ity of the Hyades cluster has be en well established with 
an_[Fe/H] value of 0.14 ± 0.05 dCavrel de Strobel et al.l 
[1993), and later refined to 0.144 ±0.013 (lGrenon|[2000). 
However, the mea n metallicity value of [Fe/H] ~ —0.02 
(jGray et al.l 120031 ) for the £ Vir system is significantly 
different than the above values, ruling out the possibil- 
ity that this star is a member of the Hyades cluster. 
For this work, we have dec i ded t o adopt the age of 505 
Myr given by iRieke et al.l (|2005[ ). In the left panel of 
Figure [5] we show the luminosity-ma ss paramete r space 
showing model tracks calculated by iSiess et aLl (|2000l ) 
for a 505 Myr system with solar metallicity. The vertical 
extent of the box indicates the absolute V-band photo- 
metric uncertainty. This uncertainty in the luminosity 
(My — 1.64 ±0.05), defines an allowable mass region for 
C Vir A of 2.041 ± .024 M Q . 

4.2. Mass and Age of £ Vir B 

We use the models of iBaraffe et al.l (|2003l ) to derive 
a mass for £ Vir B assuming the age of 505 Myr. In 
Figure [5] (right panel) we show plots of the J, H, and 
if-band absolute magnitudes for a range of companion 
masses calculated from these models. As with the case 
of £ Vir A, the uncertainty in the photometry of this 
object has very little effect on the derived mass of the 
companion. Together these values give an overall derived 
mass of 0.1681'Q^g M . We take this value as the final 
derived mass for £ Vir B. 

To check the validity of this model-based mass esti- 
mate, we compare this value with empirically derived 
mass- lumin osity relations given in iHenrv fc McCarthy! 
(fl99l and IDelfosse et al.l (pOOOl) . Using the J, H, and 
K magnitudes, these two works predict values of 0.152 ± 
0.009 M and 0.166 ± 0.004 M Q (See Table SJ, consis- 
tent with a mi d-M spectral type for a main sequenc e star 
at these ages (jReid et al.lll995t lHawlev et al.lll996t ). and 
consistent with the spectral determin ation derived previ- 
ously The lHenrv fc McCarthy! (|1993l) and IDelfosse et al.l 
(2000) mass values are slightly lo wer than the model- 
based 0.168 M© value given by the IBaraffe et al.l (2003) 



models, but are still consistent with a mid-M spec- 
tral type for £ Vir B. Using the range of primary star 
masses derived above gives this system a mass ratio of 
g = 0.Q82±;°j£. 

4.3. Orbital Analysis 

Given the relatively short span (4.75 years) of the ob- 
servations of C Vir B (see Figure [2]) , fitting an orbital 
model to the data is pr emature. However , we m ay bor- 
row an analysis used bv lGolimowski et"aT1 (|1998f ) to con- 
strain the eccentricity, e, and semi-major axis, a, of £ 
Vir B using our astrometry in the two-dimensional plane 
of the sk y, combined with Kepler 's Laws. We refer the 
reader to lGolimowski et all (|1998| ) for a full explanation. 
Over our 4.75 year time baseline, we calculate a velocity 
of -1.139 AU yr _1 in the westward direction, and .062 
AU yr _1 in the south direction. Assuming the orbit of 
£ Vir B is bounded, and assuming a range of line-of- 
sight positions and velocities for £ Vir B, we are able 
to constrain a and e, and we show the loci of possible 
values for these parameters in Figure [6] The ordinate 
and abcissa values show the assumed values of the line- 
of-sight velocity, and position, respectively. The values 
shown in Figure [6] indicate a > 24.9 AU and e > 0.16. 
From the semi-major axis constraint, we can constrain 
the period P = (47r 2 a 3 / y u) 1 / 2 to be > 124 yrs, where 
fi = G(mi + TO2 ). In this analysis we have assumed a 
mass of mi = 2.O4M (see Figure [5]) and 7772 = .168Af 
for £ Vir A and C Vir B, respectively. 

5. DISCUSSION 

Assuming a mass of 2.041 ± .024 M for £ Vir A 
gives this newly discovered binary system a mass ratio 
of q = 0.082^ Qgg. Although numerous low-mass com- 
panions have been detected around ~1 M stars, this 
system is of particular interest given that it orbits a 
primary star of ~2 M . The q distributions for pri- 
maries in the mid and low mass stellar regimes have been 
well studied, but comprehensive binary statistics for A 
stars are incompletely surveyed. The mass ratio distri- 
bution for the mid and lower mass ranges show fairly 
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Fig. 5. — The left hand panel shows the luminosity-mass relation for the host star, £ Vir A as calculated by Sicss et al. (200(J) for a 505 
Myr system. We use absolute V-magnitude in lieu of total luminosity. The vertical extent of the box indicates the V-band photometric 
uncertainty (My = 1.64 ± 0.05) for £ Vir A. This defines an allowable reg ion for the mass for the A3V host star to be 2.041 ± .024 M . 
The right panel shows evolutionary models for low-mass stars taken from Baraffc et al. (2003) for the J, H, and X-bands. As with the 
case for £ Vir A, the vertical extent of each box indicates the photometric uncertainty at each band. These three bandpass values gives an 
overall value of 0.168^;°^ Mq for ( Vir B. 



TABLE 4 

J,H,AND if -BAND MASS DETERMINATIONS FOR £ VlR B. 



Model Method J-band H-band if-band Medianila 



Henrv fc McCarthy (1993) Mass-Luminosity (Empirical) 0.136 M 0.152 M 0.152 M 0.152 ± 0.009 M Q 

Baraffe et al. (20031 7j>05 Mvrl Evolutionary (Theoretical) 0.168 M 0.169 M 0.167 M 0.168 ± 0.001 M Q 
Delfosse et al. 120001 Mass-Luminosity (Empirical) 0.170 M 0.166 M 0.163 M 0.166 ± 0.004 M 



clear trends with mass. Namely, Burgas ser et al.l (|2007l ) 
discusses that very low mass binaries have mass ratios 
that are skewed towards unity. Studies using a com- 
plete sample of stars between 0.6 - 0.85 (iMazeh et all 
2003), as well as M-dw arf surveys (jFischer fc Marcvl 
1992t iReid fc Gizid[l997t ). find a significant ly flat distri- 
butio n of mass ratios. In the same vein, (|Kraus et al.l 
|2008f ) , used a sample of 82 young stars of GKM type 
in the Upper Sco star forming region and found a dis- 
tribution of mass ratios not significantly different from 
a constant distribution, i.e. not significantly biased to- 
wards having low mass companion s. Towards higher 
masses, iDuauennov fc Mavorl (|1991l) find that F and G 
type stars have a broad range of mass ratios, but with a 
slight increase towards small secondary mass e s. Fin ally, 
at the higher mass end.lShatskv fc Tokovininl (|2002D and 
iKouwenhoven et al.l (|2005f ) have performed a survey of A 
and B-stars in the Sco OB2 association, finding a high 
rate of binarity. 

Similarly, many studies show a positive correlation be- 
tween the distributi on of binary separations and t he mass 
of the system. The IDuauennov fc Mavorl (|1991[ ) sample 



of solar mass star s show a mean separatio n of ^30 AU. At 
lower masses, the lFischer fc Marcvl (I1992D survey (largely 
M dwarfs within 8 pc) and IReid fc Gizisl (|1997l ) surveys 
(M dwarfs within 20 pc) find mean separations between 4 
and 30 AU. Continuing towards lower m ases, low mass M 
dwarf s and brown dwarfs as discussed in lBurgasser et aLl 
(|2007|) . have notably smaller mean separations (~4 AU), 
w ith maximum separa t ions ~ 20 AIL 

IKouwenhoven et al.l (|2005f ) and iShatskv fc Tokovininl 
(2002) have undertaken the first steps towards a compre- 
hensive study of the multiplicity of A stars. Our work 
aims to aid in that effort. The value of the current study 
lies in the ability to obtain a spectrum which determines 
the spectral type, a tight constraint on the secondary 
mass, and a constrained orbit. 

Our finding may also be useful for studies of the 
anomalous X-ray emission from A stars. Unseen late- 
type companions to A stars have been hypothesized to 
be the source of their anomolous X-ray emission. In- 
deed, the presence of the M-dwarf companion in this 
system can easily account for the X-ray flu x detected by 
ROSAT. For a .168M Q star at 505 Myr, the lBaraffe et all 
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Fig. 6. — The loci of possible values of the sem i-major axis (left), and eccentricity (right), for f Vir B, assuming a range of line-of-sight 
positions and velocities (Golimowski et al. 1998). The contours for the left plot are 27, 35, 60, 100, 160, and 300 AU. The right hand plot 
shows eccentricity contours equal to 0.25 0.50, 0.60, 0.75, and 0.90. This constrains the semi-major axis to be > 24.9 AU (and hence the 
period to be > 124 yrs), and eccentricity > 0.16. 



(2003) evolutionary tracks predict a luminosity of i& ; ~ 
2 x 10 31 erg s _1 . And assuming that t he X-ray lumi- 
nosity L x = 1.07 x 10 28 erg s -1 noted by iHuensch et al.l 
(1998) is due completely to the companion, this predicts 
a \og(L x / Lboi) va lue of -3.3, qu i te typ ical for a young 
mid M dwarf (See lFleming et all (119931) , espec ially their 
Figure 3). Recently. iZimmerman et all (|2010T ) have re- 
ported the presence of a mid-M dwarf bound to the star 
Alcor. More complete high-contrast surveys for compan- 
ions surrounding an ensemble of A stars will allow re- 
searchers to begin to address the issue of the anomolous 
X-ray emission in a statistically robust manner. 

An abundance of M-dwarf companions in configu- 
rations like this also may lend support to models of 
binary formation based on fragmentatio n of a mas- 
sive circumstellar disk. As iKratter et al.l ()2009f ) point 
out, massive stars with their presumably massive cir- 
cumstellar disks and correspondingly high mass infall 
rates provide an environment conducive for the forma- 
tion of disk instabilities and fragmentation. Indeed, 
such a mechanism is more likely for disks surrounding 
stars more massive than l-2M0 (|Krumholz et al.l [20071 : 
IKratter et al.l 120081 ). If indeed this fragmentation is 
a prominent mechanism for the formation of binary 
companions (|Stamatellos fc Whitwo7th| [2"009). the abun- 
dance of low mass companions (brown dwarfs and M- 
dwarfs) should be more frequent around more massive 
stars. 

6. SUMMARY 

We report the discovery of a low-mass, M4V-M7V stel- 
lar companion to the star £ Vir. This object clearly 
shares common proper motion with its host star, and 
we derive a mass of 0.1681/Qig M©, corresponding to a 



mass ratio q — 0.082 



+ .007 
.008- 



Our broad-band photometry 



and spectroscopy are consistent with an mid-M spectral 



type. Although numerous low-mass companions have 
been identified around ~1 M systems, this object is 
significant given its membership in a ~2 M Q system. 
Characterization of more systems like this are important 
for identifying the anomalous source of X-rays from A 
stars as well as constraining possible modes of forma- 
tion of stellar companions through the fragmentation of 
massive circumstellar disks. 
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